Abstract. The inhibition of calcite growth in the presence of seven phosphonates (AMP~ DTPMP) was investigated by means of molecular dynamic simulation in industrial water environment. It has been found that the phosphonic molecules can energetically interact well with the calcite (104) stepped surfaces at the stepped dihedral sites. Furthermore, the strength of adsorption is DTPMP > HDTMP > TDTMP > EDTMP > NTMP > NDP > AMP based on the binding energy including strong electrostatic interactions between the oxygen atom in phosphonic functional groups and the calcium ions of the calcite (104) surface, and the formation of hydrogen bond. The results indicate that the phosphonic group number and the length of the backbone methylene chain play an important role in inhibitor effectiveness.
Introduction
The precipitation of calcium carbonate is of fundamental importance in great many researches for instance medicine, industry, and households [1] [2] [3] . The research on calcium carbonate particles is mainly determined by the three polymorphs of CaCO 3 , namely calcite, aragonite and vaterite [4, 5] . Thereinto calcite is one of the most stable salts in industrial water treatment under normal atmospheric conditions [6] . The (104) surface is by far the most stable plane of calcite and dominates the observed morphology [7, 8] .
Another area of research is growth inhibition in the presence of both organic and inorganic additives. For example, organic phosphonates are currently important and effective class of inhibitors available in water cooling systems. Phosphonates have a strong tendency to adsorb onto a variety of surfaces, e.g., calcite [9] , barite [10] and iron oxides [11] . A considerable amount of researches have focused on the inhibition of growth of the calcite (104) plane, but not much effort has been put into studying the stepped calcite surface. No experimental surface is truly planar, and there are always defects like steps and kinks. Stipp studied the calcite (104) face using scanning force microscopy (SFM) and indicated that steps spread one layer at a time [12] . Hillner and Gratz studied calcite growth by means of atomic force microscopy (AFM) and found that crystal growth occurred through steps and spiral dislocations [13] . Moreover, Nora H. de Leeuw employed atomistic simulation techniques to study the molecular adsorption of water onto the stepped and planar calcite surfaces and found that the stepped planes are good models for growth steps [14] .
In previous work, the interaction of three phosphonates with calcite surfaces was examined by molecular dynamic simulation [15] using Materials Studio v3.0 (Accelrys, San Diego, CA) under compass force field [16] . The results showed the Ca-O (-PO 3 2-) distance after simulation was less than 2.5 Å in accordance with the length of the factual Ca-O bond, implying that phosphonates have a high affinity for calcite [17] . The aim of this work described here is to investigate the effect of molecular adsorption of seven phosphonates (AMP, NDP, ATMP, EDTMP, TDTMP, HDTMP and DTPMP) on the four stepped surfaces of calcite using the same method in an alkalescent industrial water environment. AMP, NDP and ATMP have separately one, two and three phosphonate groups connected by a nitrogen atom. EDTMP, TDTMP, and HDTMP have four phosphonate functional groups attached to amine nitrogen atoms through methylene chain. The only diffference is the length of the backbone methylene chain. But DTPMP has five phosphonate groups attached to three N atoms. The structures (seen in Fig.1 ) are protonated referring to the pH values in the range of 7~8 in an alkalescent industrial water environment.
Fig. 1 The structures of seven protonated phosphonates

Method
We have simulated seven protonated phosphonates (AMP~ DTPMP) onto the four stepped calcite (104) surfaces using Materials Studio v3.0 (MS) under compass force field used in the early studies. In this paper, the dielectric constant (ε) and the temperature are separately set of 78.0 and 350K according with the actual circular water environment.
Results and Discussion
Calcite (104) Stepped Surfaces
Calcite has a rhomobohedral crystal structure with space group R/3C and its lattice parameters are a= b= 4.99 Å, c= 17.06 Å, α= β= 90.0°, γ= 120.0°. As the (104) cleavage surface is by far the most stable plane, both theoretically and experimentally, it dominates the growth morphology of calcite [18] Stepped surfaces are important in crystal growth, according to the periodic bond chains (PBC) theory. Crystal growth morphologies are grouped into three types, namely flat, step and kink [19] . Flat face is the most stable surface due to the slowest growth rate, whereas the growth rate of step face is larger because of the stronger adsorbability. Kink faces rapidly disappear on account of the fastest growth rate. That also indicates the adsorption on stepped faces is the most remarkable in the presence of organic additives and the optimal binding sites are stepped edge and corner. In this study, the (104) plane is divided into four different stepped surfaces, terminated by either calcium ions or carbonate groups (Fig. 2) . One surface is terminated by calcium ions on both left and right edges, namely Ca step surface (Fig. 2a) , whereas the second surface is terminated by carbonate groups (CO 3 step surface in Fig. 2b) . The other two surfaces are both terminated by calcium ions and carbonate groups, while the only difference is in the opposite direction (Ca-CO 3 step surface in Fig. 2c , CO 3 -Ca step surface in Fig. 2d) .
Adsorption of Seven Phosphonates on Calcite (104) Stepped Surfaces
We separately considered the adsorption of seven different organic molecules (AMP~ DTPMP) on the various calcite surfaces. The results show that all of the phosphate groups point towards the calcite stepped surface, nevertheless the phosphate group in AMP points away from the surface. If phosphonate molecules have apparently adsorption effect, they must contain at least two phosphate groups. The result suggests that the phosphonates interact well with the surface on account of its oxygen atoms of phosphate group contacting well with calcium ions of the surface, and the formation of hydrogen bond also enhances the strength of interaction of the phosphonates with the surface. In addition, it is obviously found that all phosphonate molecules are combined at the stepped edge site according with PBC theory. Fig. 4 The adsorption of DTPMP on the four calcite (104) stepped surfaces Fig. 4 shows the detailed coordination mode of DTPMP on the Ca-CO 3 step surface. It is distinctly observed that the five phosphonate groups in DTPMP "approach" the crystal surface. The Ca-O (P) bond distances are separately 2.494 Å, 2.454 Å, 2.589 Å, 4.611 and 4.918 Å. Three distances are close to 2.5 Å in accordance with the Ca-O bond length in experience. Moreover, the hydrogen atoms in DTPMP and the oxygen atoms in carbonate group form weak hydrogen bond interactions.
For further analysis of the effectiveness of inhibition, we consider the binding energy of interaction between the seven phosphonates ligands (AMP~ DTPMP) and the calcite surfaces listed in Tab. 1. The energy of interaction is dominated by electrostatic interaction, and the van der Waals and hydrogen bond interaction play a very small role. Based on the data in Tab. 1, the interaction energy is exothermic and DTPMP > HDTMP > TDTMP >EDTMP > NTMP > NDP > AMP, which can help us predict the effectiveness of scale inhibition. The result clearly indicates the importance of the number of phosphonate groups and the length of the backbone methylene chain connecting the two N atoms. When the number of phosphonate groups is larger than three, the binding energy is far more than the other three phosphonate acids. AMP has the weakest interaction with calcite due to the only one phosphonate group. EDTMP, TDTMP and HDTMP have four phosphonate functional groups attached to amine N atoms. More importantly, the inhibition potency varies with the length of alkyl chain connecting the two N atoms, which induces the effect: HDTMP > TDTMP > EDTMP. We suspect that the longer alkyl chains reduce the steric hindrance. DTPMP appears to be most potent than the others due to five phosphonate groups dominant in the interaction of phosphonate acids with calcite. 
Conclusion
This paper is a study of molecular interaction of phosphonate acids with the four calcite (104) stepped surfaces using molecular dynamic simulation. In summary, the presence of organic phosphonates has a significant inhibition effect on precipitation of calcite. The results suggest that the step edge and the corner are optimal binding sites. The binding energies have proved that the conclusion that the inhibition of organic phosphonates is DTPMP > HDTMP > TDTMP > EDTMP > NTMP > NDP > AMP according to their phosphonate group number and the length of the backbone alkyl chain. Future work will focus on studies of the interaction of phosphonates with the calcite stepped surfaces in presence of water or Na + and Zn 2+ .
